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ABSTRACT 
Proper application of sunscreen is essential as an effective public health strategy for skin cancer 
prevention. Insufficient application is common among sunbathers, results in decreased sun 
protection and may therefore lead to increased UV damage of the skin. However, no objective 
measure of sunscreen application thickness (SAT) is currently available for field based use. We 
present a method to detect SAT on human skin for determining the amount of sunscreen applied 
and thus enabling comparisons to manufacturer recommendations. Using a skin swabbing 
method and subsequent spectrophotometric analysis, we were able to determine SAT on human 
skin. A swabbing method was used to derive SAT on skin (in mg sunscreen per cm2 of skin area) 
through the concentration-absorption relationship of sunscreen determined in laboratory 
experiments. Analysis differentiated SATs between 0.25 and 4 mg cm-2 and showed a small but 
significant decrease in concentration over time post application. A field study was performed, in 
which the heterogeneity of sunscreen application could be investigated. The proposed method is 
a low cost, non-invasive method for the determination of SAT on skin and it can be used as a 
valid tool in field and population based studies. 
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INTRODUCTION 
Limiting sun exposure through personal sun protection such as sunscreen, hats and protective 
clothing as well as avoiding time spent outdoors during peak ultraviolet (UV) periods are 
recognised as effective methods in reducing the risk of skin cancer development from UV 
exposure (1, 2). However, it has been shown that most people do not apply sunscreen at the 
recommended thickness (sunscreen application thickness, SAT) (3, 4), which is given as 
2 mg cm-2 (5). The insufficient application of sunscreen then results in decreased protection, as 
the sun protection factor (SPF) of a sunscreen is exponentially related to the SAT (6, 7). 
Research into the effectiveness of sun protective practices, in particular sunscreen use, in the 
reduction of skin cancer risk typically relies on the indirect assessment of sun safe practices 
through self-reporting in questionnaires or surveys (8, 9). A semi-quantitative method to 
determine sunscreen application can be achieved by measuring the change in weight of a 
sunscreen bottle following application (8). However, this can only be done as an average after 
several applications and does not have a reliable technique of determining on what area of skin 
the sunscreen was applied. Furthermore, it needs to be assumed that the individual actually 
applied the sunscreen. The only quantitative method for measuring the application thickness of 
topical agents is fluorescence spectroscopy (10, 11). The method is stated to be rapid and non-
invasive, but has certain disadvantages (12). If the sunscreen is not intrinsically fluorescent, a 
fluorescent compound needs to be added. Furthermore, expensive electronic equipment is needed 
at the time of testing. Thus, the method is not suitable for epidemiological studies. In 2003, 
Whiteman et al. (13) introduced a non invasive skin swabbing method that can be used to detect 
the presence of sunscreens applied to adults or children. Building on this work, a modified skin 
swabbing method was developed by O’Riordan et al. (14) in a study aimed at assessing the 
effectiveness of sunscreen re-application on adult subjects on the maintenance of a UV barrier 
over time. The technique was also used in two studies as a validation to the participants’ self-
reporting (15, 16). Furthermore, Elliot et al. showed the sensitivity and specificity of the method 
towards moisturising lotion and sunscreen lotions with SPF 15 and 30 (17). 
While these methods demonstrated the ability to confirm the presence of sunscreens when 
applied to skin, to the best of our knowledge there has been no work reported yet on the 
effectiveness of this method in assessing the amount of sunscreen present on the skin at the time 
the swab was taken. This is important, as manufacturers report SPF to the public as a result of a 
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specific thickness of application, that is at a SAT of 2 mg cm-2 (5), and it has been shown that the 
SPF of a product decreased with application thickness (6, 7). 
As a result, we undertook a study with the aim to demonstrate that a non-invasive skin 
swabbing technique can be used for the quantitative analysis of the application thickness of 
topically applied sunscreen, SAT. 
 
MATERIALS AND METHODS 
Sunscreen. The sunscreen used was “BananaBoat Sport Sunscreen” (Sun Pharmaceuticals Corp., 
USA) with a SPF rating of 30, an expiration date of 2012 and active ingredients octyl 
methoxycinnamate (7% w/w), 4-methylbenzylidene camphor (1% w/w) and micronized zinc 
oxide (6% w/w). Absorption spectra of the samples were determined for wavelengths between 
200–700 nm in 1 nm intervals on a Shimadzu PharmaSpec UV-1700 spectrophotometer using 
UV-rated, disposable PMMA cuvettes (Kartell spa, Italy). An ethanol-filled cuvette (HPLC-
grade, purity ≥ 99.9%, Merck) was used as a reference. The absorption spectrum of the 
BananaBoat Sport sunscreen, dissolved in HPLC-grade ethanol, showed an absorption maximum 
at 309 nm. This maximum was present at very similar wavelengths for three more sunscreens 
used in a pilot study (Figure 1). These additional sunscreens were sample-sized give-aways from 
the Queensland Government (Queensland Health), from Immuno Diagnostic Systems (ids, 
distributed by Abacus ALS) and from our own AusSun Research Laboratory and had the 
following concentrations of active ingredients: 80 mg g-1 octyl methoxycinnamate, 30 mg g-1 4-
methoxybenzylidene camphor and 20 mg g-1 butyl methoxydibenzoylmethane; no zinc oxide was 
present in these sunscreens. The change in concentration is generally reflected to a greater extent 
by the change in absorption at the wavelength at which maximum absorbance is occurring. Thus, 
sunscreen concentration when dissolved in ethanol was related to its absorbance at a wavelength 
of 309 nm. 
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Figure 1 Ultraviolet (UV) absorption spectra of the sunscreens (solid lines with symbols) and a 
swab extract (dashed line). 
 
Study design. A total of 18 volunteers were recruited and a sub-sample of these volunteers were 
selected for each part of the study as described there (model development, model validation and 
preliminary field study). The distal forearms in pronated form of these volunteers were used for 
the study, and the required areas were marked with surgical tape (Figure 2).  
 
 
Figure 2 Arm prepared for sunscreen swabbing. 
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For the model development (time series and dose-response relation), four sub-samples of 10 
volunteers were randomly selected for each of the four SATs. For the dose-response relation, 
different quantities of BananaBoat Sport sunscreen were applied to a 50 cm2 surface area (5 
times 10 cm2, see Figure 2) on one forearm of each of the participants. With the four sub-
samples of volunteers, four different SATs (0.25, 0.5, 1 and 2 mg cm-2) were achieved. The 
lowest SAT used was defined by the least amount that was still spreadable over the designated 
area and the highest was twice as high as the SAT recommended by the Australian and New 
Zealand Standards (5). In order to obtain the time series within the same experiment, swab 
samples were taken of the test area at five time intervals (20 min, 1 h, 2 h and 4 h) after 
sunscreen application, following the method introduced by Whiteman et al. (13) and refined by 
O'Riordan et al. (14).  
The sunscreen was applied simultaneously to all five test areas using a Multipette (electronic 
multi-step dispensing pipette) and was spread as evenly as possible using a gloved finger. The 
SAT was determined (as described in the next paragraphs) and related to the actually applied 
SAT. From this, a model for predicting SAT on skin from a skin swab was developed (as 
described below). 
The model validation was performed as a blinded experiment, where one research assistant 
applied a known SAT (0.4–4 mg cm-2) of BananaBoat Sport and a second research assistant 
performed the skin swabbing and subsequent analysis, in duplicate swabs on each arm. The 
second research assistant was blinded and did not know how much sunscreen was applied to the 
test area. Out of the 18 volunteers, 16 had their arms swabbed for the model validation, one of 
them on subsequent days. This equals a total number (N) of 17 people and therefore 34 SATs (in 
duplicates on each arm). Swabbing was repeated for different SATs until at least 4 duplicate 
swabs  were obtained for the SATs 0.5 (N = 5), 1 (N = 6), 1.5 (N = 5), 2 (N = 7) and 4 mg cm-2 
(N = 4). Further replicates (2–4) were included for lesser SATs: 0.4 (N = 1), 0.6 (N = 1), 0.8 
(N = 2), 1.2 (N = 2) and 1.6 mg cm-2 (N = 1). Therefore a total of N = 34 samples (in duplicates) 
was obtained for the model validation. 
Lastly, in order to obtain some information about the variation of SAT within a person, a 
preliminary field study was performed. Thirteen of the 18 office workers were asked to apply 
sunscreen according to what they usually do when they use sunscreen. One participant took part 
twice on different days. One hour later, the SAT was determined on two standard sized test areas 
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(2.5 × 4 cm2) on each arm. Informed Consent was obtained from every participant and the study 
had approval from the QUT Human Research Ethics Committee (number 0900001008). 
 
Swabbing procedure. The skin swabbing was performed according to O’Riordan et al. (14). All 
swabbing was undertaken by the same person (DO’B). In brief, forearms of the volunteers were 
cleaned using a single use sterile alcohol swab (70% isopropanol), prior to outlining five 
adjacent 4 cm by 2.5 cm (10 cm-2) test areas with surgical tape. One of these areas was swabbed 
prior to the application of the sunscreen and was used as a negative control (background 
absorbance resulting from skin residues after cleaning) as well as a point zero in the dose-
response curve. Then the sunscreen was applied with a Multipette and spread evenly using a 
gloved finger. As the experiment for the model development was performed as a time series, the 
first swab sample was taken immediately after application and subsequent samples were taken 20 
minutes, 1, 2 and 4 hours afterwards. At each point in time, one of the 10 cm2 areas was sampled 
by wiping a single use sterile alcohol swab four times over the test area.  
For the blinded validation and the preliminary field study, two adjacent 10 cm2 areas 
(duplicates) were swabbed 1 h after application. All swab samples were immediately transferred 
into a vial containing 4 ml of HPLC grade (≥99.9%) ethanol (Merck). The samples were mixed 
by inversion and subsequently extracted at 4°C for 24 hours. The obtained ethanolic extracts 
from the swabs were measured on the Shimadzu UV-1700 spectrophotometer in disposable, UV-
rated, PMMA cuvettes (Kartell spa, Italy). All samples were based on a reference, that is a 
cuvette filled with HPLC grade ethanol. This eliminated the potential confounding effects of 
different cuvette brand or materials.  
 
Determination of sunscreen concentration. A calibration curve for the total absorbance (at 
309 nm) of the sunscreen when dissolved in ethanol was established as a measure of the 
sunscreen mass eluted during the extraction procedure. For this, a sunscreen standard stock 
solution was prepared in triplicate through the dissolution of approximately 10 mg of sunscreen 
in 50 mL of HPLC grade ethanol (average (± SD) = 0.21 ± 0.0053 mg mL-1). The relationship 
between concentration in the cuvette (c) and absorption at 309 nm (A309) was determined through 
four sequential 1:2 dilutions, that is five standard concentrations, which were used in the 
construction of a linear regression. The regression equation was  
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€ 
A309 = 6.97 ⋅ c − 0.044           (Eq 1) 
with a goodness of fit (R2) of 0.9904. The dilution series was prepared to lie in the absorption 
range of the spectrophotometer between zero and one, as both accuracy and repeatability of the 
Shimadzu UV-1700 are greatest within this range. Sample extracts were then analysed in UV-
rated cuvettes on the spectrophotometer under the same conditions as the dissolved sunscreen. 
Sample extracts showed the same maximum at 309 nm as the sunscreen standard (see Figure 1) 
and were also diluted, if necessary, until their absorption fell within the linear range of the 
spectrophotometer. The concentration in the swab extract was then derived by solving the linear 
regression in Equation 1 by the concentration, c.  
 
Quantification of SAT on the skin. In order to determine the SAT on the skin (in mg cm-2), the 
measured concentration of the sunscreen in the extract (in mg mL-1) was related to the extraction 
volume (V = 4 mL) and the initially swabbed area (A = 10 cm2), taking into account all dilution 
steps (D, value depends on the dilution and was between 1:4 and 1:20) performed during the 
extraction and analysis.  This can be expressed as: 
€ 
SADdet =
c ⋅V ⋅D
A           (Eq 2) 
 
Modelling. The detected SAT was related to the applied SAT (dose-response relationship); its 
linear regression was expressed as: 
€ 
SADdet = a ⋅ SADapp + b         (Eq 3) 
where a is the slope and b the intercept with the ordinate. This dose-response relationship was 
used to determine the recovery of sunscreen after application to the skin, which is indicative for 
the loss of sunscreen through absorption as well as during the extraction. The slope, a, was the 
measure of the recovery of the sunscreen at that point in time, and its inverse was used as an 
adjustment factor (a-1 = F), which needed to be applied in order to predict the correct SAT 
(SATpred) from the detected SAT (SATdet). The model for predicting SAT from the absorption of a 
skin swab extract was developed by combining Equations 1 and 2 and including the adjustment 
factor F (from Equation 3): 
€ 
SADpred = SADdet ⋅ F = c ⋅
V ⋅D ⋅ F
A =
A309 + 0.044
6.97 ⋅
V ⋅D ⋅ F
A      (Eq 4) 
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The established model was validated by plotting the predicted SAT from the blinded control 
study against the actual applied SAT values and proving statistically that there is no significant 
difference between the two. 
 
Statistical evaluation. SPSS (version 16 for Mac) was used to perform one-way and two-way 
ANOVAs. GraphPad Prism (version 5 for Mac OSX) was used for linear regressions, 
correlations, t-tests and graphs. Linear regressions had the general form of 
€ 
y = a ⋅ x + b , with a 
being the slope and b the intercept with the ordinate. Normalised differences (ND) were 
calculated to assess variation between duplicates. ND were calculated through the absolute 
difference between the two replicates, divided by the average value of the two. Confidence 
Intervals (CI) are hereafter expressed as 95%. 
 
RESULTS 
Time series of different SATs.  
 
The results for the time series, where four different sunscreen concentrations were applied to the 
forearms of volunteers and were followed over time for up to four hours, are presented in Figure 
3. At each point in time, the determined SATs were statistically different from each other 
(P < 0.05), showing that the method can differentiate between the applied SATs. Furthermore, a 
repeated measurements ANOVA was performed for each of the four SATs. Over time, the 
determined SATs were statistically different at a significance level of α = 0.05. 
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Figure 3 SAT determined over time, after application of 2 mg cm-2 (), 1 mg cm-2 (), 0.5 mg 
cm-2 (▲) and 0.25 mg cm-2 (); error bars are mean ± SD, bold lines are linear regressions, thin 
lines are 95%CI. 
 
The decrease over time, derived through linear regression, was greatest for the 2 mg cm-2 
dose, which showed a slope of -0.049. The 1 mg cm-2 and 0.5 mg cm-2 doses showed slopes of 
-0.037 and -0.022, respectively. The least slope was determined for the 0.25 mg cm-2 dose as 
0.014. These values are summarised in Table 1. The slopes were significantly different from 
each other (P<0.05). 
 
Table 1 Regression parameters for the decrease in sunscreen thickness over time. 
Applied dose a (slope) b (intercept) R2 
0.25 mg cm-2 -0.014 ± 0.0052 (CI: -0.025– -0.0039) 
0.19 ± 0.011 
(CI: 0.17–0.21) 0.1373 
0.5 mg cm-2 -0.022 ± 0.0046 (CI: -0.032– -0.013) 
0.27 ± 0.0094 
(CI: 0.25–0.29) 0.3361 
1 mg cm-2 -0.037 ± 0.0078 (CI: -0.052– -0.021) 
0.50 ± 0.016 
(CI: 0.47–0.53) 0.3176 
2 mg cm-2 -0.049 ± 0.013 (CI: -0.076– -0.022) 
1.0 ± 0.028 
(CI: 0.95–1.1) 0.2181 
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The most important trend demonstrated in Figure 3 is that consistently over all points in time 
and all applied thicknesses, only about half of the applied thickness was measured in the swab 
extract. Therefore, at time zero immediately after application to the skin, the recovery of the 
sunscreen could be determined for each dose individually from the ratio of the measured to the 
applied SAT. For the 2 mg cm-2 dose, the recovery was at 50 ± 1.4% (CI: 47–53%), for the 
1 mg cm-2 dose at 50 ± 1.6% (CI: 47–53), for the 0.5 mg cm-2 dose at 54 ± 1.9% (CI: 50–57%) 
and for the 0.25 mg cm-2 dose at 75 ± 4.2% (CI: 66–83%) of the original SAT. 
 
Comparison of applied and detected sunscreen thickness.  
 
For each of the five different points in time, the detected SAT was related to the applied SAT. 
Figure 4 shows this comparison as an example for swabbing immediately after application.  
 
Figure 4 Comparison of the detected with the applied SAT immediately after application; the 
dashed black line indicates the 1:1 ratio of equality; error bars are mean ± SD, solid black line is 
the linear regression, solid grey lines are the 95%CI. 
 
The linear regression of the relation in Figure 4, which can be expressed through Equation 3, 
had a slope of a = 0.51 ± 0.019 and an y-intercept of b = 0.022 ± 0.020. The goodness of fit of 
this relationship (R2 = 0.9343), together with the low intercept with the ordinate, indicate that the 
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recovery of sunscreen from the skin was consistent across the range of different SATs 
investigated during this study. Using the slope of the linear regression, the recovery at time zero 
can be given as 50%; hence, an adjustment factor (F) of 2 at the time of application needs to be 
applied to all detected SATs in order to determine the actually applied SAT, when swabbing 
immediately after application. 
Further values for the slope (a), the intercept (b), the adjustment factor (F) and the goodness 
of fit (R2) for the different points in time are summarised in Table 2. The slope for the linear 
regression was found to be highest at t = 0 with a = 0.50, and lowest at t = 4 h with a = 0.39. 
However, the slopes at time 20 min, 1 h and 2 h did not follow this order, they had slopes of 
a20min = 0.42, a1h = 0.46 and a2h = 0.47. 
 
Table 2 Regression parameters for the determined versus applied SATs over time. 
Point in time a (slope) b (intercept) F (adjustment factor) R2 
t = 0 min 
0.51 ± 0.019 
(CI: 0.47–0.55) 
0.033 ± 0.020 
(CI: -0.019–0.062) 
2.0 0.9343 
t = 20 min 
0.42 ± 0.020 
(CI: 0.38–0.46) 
0.058 ± 0.023 
(CI: 0.012–0.10) 
2.4 0.9222 
t = 1 h 
0.46 ± 0.019 
(CI: 0.43–0.50) 
0.038 ± 0.022 
(CI: -0.0060–0.082) 
2.2 0.9407 
t = 2 h 
0.47 ± 0.020 
(CI: 0.43–0.51) 
-0.0065 ± 0.023 
(CI: 0.052–0.039) 
2.1 0.9385 
t = 4 h 
0.39 ± 0.017 
(CI: 0.35–0.42) 
0.0023 ± 0.023 
(CI: -0.037–0.041) 
2.6 0.9337 
 
As the detected SATs vary statistically significant over time, the time between sunscreen 
application and skin swabbing had to be taken into account and appropriate values were used in 
Equation 4 when predicting the SAT from the experimentally determined measurements. 
 
Model validation.  
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A control study was performed by application of different SATs followed by blinded swabbing 
1 h after application in order to validate the established model. The predicted SAT was 
calculated from the measured absorption at 309 nm through Equation 4. Skin swabs were taken 
in duplicates, and the variation between the duplicate analyses (expressed as normalised 
differences, ND) were on average 14% (range 0–107%, SD 19%, CI: 7.7–21). Out of these 34 
duplicates, 88% had a ND of less than 25%, which equates approximately to a 1.3fold difference 
between the two samples. 
An adjustment factor F of 2.17 (from Table 2, for t = 1 h) and a dilution factor D for any 
potential dilution steps (1:4 to 1:20) were applied to calculate the SATpred on the skin at the time 
of application. This predicted SAT was then compared with the actually applied SAT. Figure 5 
shows the correlation between predicted and applied SATs. The applied SATs ranged from 
0.4 mg cm-2 to 4 mg cm-2, with a focus on the values most likely to be encountered in the field 
(0.5–2 mg cm-2). 
 
Figure 5 Comparison of predicted versus applied SAT of BananaBoat Sport; the dashed line 
represents the 1:1 ratio of equality; error bars are mean ± SD, solid black line is the linear 
regression, solid grey lines are the 95%CI. 
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A paired t-test was performed and showed that there was no statistically significant 
difference between the applied and the predicted SAT. Furthermore, the correlation between the 
applied and the predicted SAT was investigated and its Pearson’s R was determined to be 0.98. 
The correlation was significant on a level of 0.05 and the goodness of fit (R2) was 0.9516. These 
results confirm that reasonably accurate and precise results can be obtained when quantifying 
SAT on the skin through the presented swabbing method. 
In order to determine the variability of the swab technique, the “error” of the swab samples 
was investigated. We define “error” (E) for this case as the difference between the predicted SAT 
and the actual applied SAT (E = SATpred – SATapp). E was plotted against the actual applied SAT, 
which is presented in Figure 6. The average error in all samples during the model validation was 
0.041 mg cm-2 (range: -0.73 to 0.89) and is represented in Figure 6 as the solid black line (CI: -
0.034 to 0.12, grey lines). Furthermore, 50% of all swabs were within 0.2 mg cm2 of the applied 
SAT. 
 
Figure 6 Error E of the predicted SAT compared to the actually applied SAT. Solid black line is 
the average error of 0.041 mg cm-2, solid grey lines the 95% Confidence Intervals of the mean, 
dashed lines are the limits within which 50% of all samples are located. 
 
Pilot field study.  
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Lastly, a preliminary field trial was performed for which the volunteers were left to apply 
sunscreen themselves at their own rate. The SAT was determined according to the method 
developed in this study, two times on each arm. Normalised differences were calculated to 
express the variability within duplicates and therefore the homogeneity of the SAT during self-
application. NDs ranged from zero to 44% (average 12%, SD 13%, CI 6.7–17%). Out of all 
duplicate analyses, 77% had a ND of less than 25%, which equates to a 1.3fold difference 
between two swabbed areas on the same arm of one participant. 
The results are presented in Figure 7 as ranges (minimum–maximum), in order to assess the 
heterogeneity of the application on each person. The variation (expressed as ND) was not 
correlated with the average SAT (Pearson’s R = 0.09), nor is there a difference of variation on 
left or right arms (paired t-test, P = 0.063). 
 
Figure 7 Variation in the SAT after volunteer self application of sunscreen on the forearms. 
Results are shown as range (minimum to maximum, line at average) of two swabs on the left 
(dark grey bars) and right (light grey bars) arms of the volunteers. Each bar represents duplicates. 
Participant no 4 was only sampled on the right arm. Solid line is the recommended SAT of 
2 mg cm-2, dashed line is the average SAT of 1.4 mg cm-2. 
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In order to estimate a general SAT for the volunteers, the average SAT was calculated for all 
four sites (duplicates on both arms). Across the 14 participants, the average SAT was 1.4 mg cm-
2, which is 70% of the recommended SAT. Twelve of the 14 volunteers (>85%) had applied less 
than the recommended 2 mg cm-2.  
 
DISCUSSION 
In this study, it was shown that the extraction and spectrophotometric analysis of skin swabs can 
be used as a quantitative method for the analysis of sunscreen thickness on the skin for 
population based studies. The quantification method was established, and in a blinded study it 
was shown to produce highly correlated results. The advantage of our method is that an 
accurately quantified SAT can then be related to the recommended dose of 2 mg cm-2 (5). 
In previous studies a wavelength of 320 nm, which is the where the UVA and the UVB 
spectra meet, was chosen for the determination of sunscreen presence (13, 14, 17). However, the 
absorption maxima of the most popular sunscreens are given in the literature as 290–355 nm 
(18), and several more as 287.5–314.5 nm (19). This is to be expected for sunscreens protecting 
against UVB irradiation. In concentration measurement, the greatest sensitivity is achieved by 
measuring absorbance changes at the wavelength at which the absorbance of the compound is 
greatest. Thus, for this study, we have used an absorbance of 309 nm, which is where the active 
ingredients of the BananaBoat Sport sunscreen showed an absorption maximum. 
The decrease of SAT over time found during this study was relatively low. This is in 
contrary to both, Whiteman et al. who finds a great decrease of absorbance within 2–4 h of 
application (13), as well as O’Riordan et al. who find no decrease at all (14). The latter suggest 
that this is due to the use of sunscreens that absorb less into the skin, which may also be the case 
in our study. However, Whiteman et al. applied the sunscreen on the volar (inner) surfaces of the 
forearms, whereas this study and O’Riordan et al. applied the sunscreen on the volunteer’s arms 
in pronated posture, i.e. on the upper or back side of the arm. In the case of the volunteers in all 
three studies (office workers) the volar / inner surface of the forearm might be prone to faster 
rubbing off of the sunscreen, whereas the upper side of the forearm is somewhat protected, 
especially given that the volunteers were asked to keep their forearms free of clothing for the 
duration of the study. This decrease over time is reflected in the different adjustment factors 
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given in Table 2. The variability of these factors may be dependent on the type of sunscreen 
used, and still needs further investigation. 
The sunscreen used in this study showed a different absorption spectrum in the UVB part of 
the spectrum than that used by O’Riordan et al. (14). However, it needs to be noted that despite 
using the same sunscreen brand and type, they are stating different active ingredients. Different 
brands and types of sunscreen consist of varying active ingredients, which can cause varying 
absorption spectra. This is a potential limitation of the presented study and establishing a 
database with the spectra of a great range of different sunscreens is essential for this new 
method. 
In addition to the variation between sunscreens, there is also a certain variation between 
participants of how well the sunscreen was absorbed into the skin. The relatively low goodness 
of fit (R2 = 0.13–0.34) of the time was a result of this variation. We suggest testing a greater 
range of different people in order to investigate this further. Furthermore, the variation resulting 
from different persons performing the swabbing is currently still under investigation. 
In this study, all swabbing was performed using a standardised protocol, as variability 
introduced through protocol variation must be limited to ensure viability of collected data. With 
the presented method, sunbathers in the field can be approached and their SAT determined 
without any prerequisites, as long as the photometric spectrum of the sunscreen brand and type 
they used is available. 
Another potential limitation is that only 50% of all swabs performed for the model 
validation were within 0.2 mg cm-2 of the correct value, and another 37% within 0.5 mg cm-2. On 
the other hand, the use of this method eliminates factors that contribute to the lack of sensitivity 
in the bottle-weighing method. These are for example difficulties in obtaining an accurate body 
surface area, lack of knowledge of where exactly the participant has applied the sunscreen or 
adjustment for potential spills that occurred between bottle weight measurements. Furthermore, 
with the presented method, sunbathers in the field can be approached and their SAT determined 
without any prerequisites, as long as the photometric spectrum of the sunscreen brand and type 
they used is available. 
Through the preliminary field study, data could be obtained about the heterogeneity of 
sunscreen application. To date, only one study is present in the current literature, which 
addresses SAT variation (10). This study confirms that a certain variation is to be expected when 
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participants apply sunscreen to their skin. However, this study was performed with using 
fluorescence spectroscopy, which can in the field only be used on an intrinsically fluorescent 
sunscreen. With the developed swabbing method, we present a technique with which for the first 
time sunbathers can be approached in the field and the heterogeneity of their SAT can be 
investigated by swabbing neighbouring locations. 
Further strengths of this method are that once a range of sunscreens with different active 
ingredients has been investigated for their absorption spectra and absorption-concentration 
relationship, the measured absorption can then be converted into a quantitative measure of SAT. 
The proposed method is easy to use and inexpensive. Furthermore, we have shown in a field trial 
that this the method can be used in population based studies. 
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